NFS is a time-domain M€ ossbauer spectroscopy using synchrotron radiation (see Fig. 12 .1 for the comparison between conventional M€ ossbauer spectroscopy and NFS). It is an elastic coherent scattering process, where different nuclear transitions are excited in phase simultaneously by a short X-ray pulse with sufficient energy bandwidth. Shortly after the X-ray pulse, the de-excitations of all the nuclear excited states begin also in phase, but soon the increasing phase difference leads to destructive interference and again to a constructive interference. This unique behavior, which is due to the energy differences of the sublevels of nuclear ground states and excited states caused by hyperfine interactions, is the basic process that leads to oscillations (quantum beats, QB) in the nuclear decay of forward-scattered radiation. In the following, we will discuss some special cases to further illustrate the NFS spectral features (for detailed discussion of the theoretical model, one should refer to Refs. 8, [19] [20] [21] .
INTRODUCTION
M€ ossbauer spectroscopy is a powerful tool for a broad range of scientific and technological applications. Among them, the application of M€ ossbauer spectroscopy to bioinorganic chemistry has achieved a great success in elucidating the geometric and electronic structures of iron centers found in metalloproteins through the detection of the hyperfine interactions between 57 Fe nuclei and the surrounding electrons [1] [2] [3] [4] . The information derived from M€ ossbauer spectroscopy is crucial for the understanding of the chemical and biological processes performed by these proteins. However, the intensity of the M€ ossbauer effect depends on the Lamb-M€ ossbauer factor f LM , the probability of observing recoilless emission or absorption of nuclear resonant gamma radiation. This makes the application of this technique to nuclei with small f LM , such as 61 Ni, less successful. To overcome the dependence of f LM , an alternative technique is the method of time differential perturbed angular correlations (TDPACs) [5] , which does not depend on the binding state of the probed nuclei, therefore, not depend on f LM . TDPAC has been used in a large amount of bioinorganic applications to probe the metal binding site geometry and illustrate the relation between the protein function and the structure and dynamics of the metal binding site [6, 7] . Both M€ ossbauer spectroscopy and TDPAC rely on suitable radioactive sources to provide nuclear resonant gamma radiations. In M€ ossbauer, radioactive sources generating single line nuclear resonant gamma radiations with relatively long source lifetime are needed. The contribution of both source and sample constrains the best achievable spectral resolution in M€ ossbauer spectroscopy to be 2G (G is the natural linewidth of nuclear transition, which is 4.66 neV or $0.1 mm s À1 for 57 Fe). In TDPAC, more complicated demands for the radioactive source, in particular the necessity of a suitable nuclear decay cascade, make TDPAC not applicable to most of M€ ossbauer isotopes. Furthermore, it is necessary to enrich protein metal sites with radioactive sources, and the aftereffect from the decay of the parent isotope can further complicate the data collection and data analysis [7] . Therefore, the development of radioactive source-free techniques is crucial for the future applications of M€ ossbauer spectroscopy and TDPAC to bioinorganic chemistry.
The use of the third-generation synchrotron radiation (SR) source overcomes the limitations imposed by radioactive sources mentioned above. The high brightness, large-range energy tunability, and highly linear polarized and collimated beam with very small beam size make SR a superb radiation source for M€ ossbauer spectroscopy and TDPAC. M€ ossbauerlike information spectroscopy is usually obtained by a technique called nuclear forward scattering (NFS) [8] . There is also a growing number of examples of "true" synchrotron M€ ossbauer experiments, in which the synchrotron radiation is used to pump a single line source, which is then used for further experiments [9] [10] [11] . Finally, the SR variant of TDPAC is called synchrotron radiation-based perturbed angular correlations (SRPAC) [12] . All of these fall under the general umbrella of SR-based nuclear resonant scattering (NRS) techniques [13, 14] .
Different from conventional M€ ossbauer spectroscopy, which is an energy-domain technique, NFS is a time-domain technique-it monitors the change of the nuclear decay signal from the nuclear excited states as a function of time. The use of SR in a time-domain approach eliminates the source contribution to the spectral linewidth, making the spectral resolution of NFS higher than the conventional M€ ossbauer. NFS has been applied to many different M€ ossbauer isotopes, and has been demonstrated as a promising new technique for studies in solid-state physics, materials science, geosciences, thin film, and bioinorganic chemistry [13] [14] [15] [16] .
SRPAC can be considered as a scattering variant of TDPAC [12] . Instead of populating the intermediate nuclear level via a cascade of preceding nuclear transitions after decay of the radioactive parent in TDPAC, the intermediate nuclear level is populated from below-the ground nuclear state-during incoherent, single nucleus resonant scattering of SR [12] . Directional selection and timing by the first detector in TDPAC are replaced in SRPAC by the direction and the timing of the incident SR. In both methods, the nuclear decay signal from the interference of indistinguishable paths from an intermediate nuclear level splitting by magnetic dipole and/or electric quadrupole interactions allows one to investigate hyperfine interactions and spin dynamics. The use of SR enables SRPAC to be applied to all nuclei with isomeric state and resonance energies achievable by SR. Since SRPAC signal is independent of the Lamb-M€ ossbauer factor, f LM , it has been demonstrated to study electric quadrupole interactions and relaxation in soft condensed matter [12] containing M€ ossbauer isotope 57 Fe and 119 Sn [17] . It has also been demonstrated to study magnetic dipole interactions of a 61 Ni-enriched Ni foil [18] . In this chapter, the application of 57 Fe NFS, 57 Fe SRPAC, and 61 Ni SRPAC to bioinorganic chemistry will be presented. The unique features of these two SR-based spectroscopic techniques will be discussed. The future development and prospect of these two techniques will be given.
TECHNICAL BACKGROUND
As mentioned in Section 12.1, M€ ossbauer, TDPAC, as well as SR-based NFS and SRPAC can all be used to elucidate the geometric and electronic structures of the local environment surrounding the probed nuclei through the detection of the energy splittings of the sublevels of nuclear excited states and ground states due to the hyperfine interactions between the nuclei and the surrounding electrons. There are three types of hyperfine interactions: isomer shift, quadrupole splitting, and magnetic splitting. Although, similar information can be obtained by using the spectroscopic techniques mentioned above, the SR-based techniques have unique features that differ significantly from the laboratory-based techniques. In the following, the theoretical and experimental aspects of NFS and SRPAC are introduced. the direction and the electric polarization of the incident SR ( Fig. 12. 2), which can be achieved experimentally by, for example, applying a small external magnetic field along this direction to magnetize a 57 Fe foil. Then only Dm ¼ m e À m g ¼ 0 transitions are allowed ( Fig. 12. 2), and the delayed intensity (NFS intensity) per time can be described as [8] A schematic of the principles and experimental setups for conventional M€ ossbauer spectroscopy (left) and SR-based NFS (right). In conventional M€ ossbauer spectroscopy, a g-ray is generated by a radioactive source ( 57 Co for 57 Fe M€ ossbauer) . A driver system is attached to the source to provide a Doppler shift to the energy to the emitted g-ray. This g-ray can be resonantly absorbed in the sample. The transmitted g-ray intensity is registered in the detector as a function of Doppler velocity. In SR-based NFS, millielectron volt bandwidth g radiation is provided by synchrotron radiation and subsequent monochromators. This pulse coherently excites different nuclear transitions in the sample. The forward-scattered signal generated from the nuclear excited states is registered in the detector placed in the forward direction as a function of time.
FIGURE 12.2
Theoretical NFS spectra for no hyperfine interactions with (a) thin absorber or with (b) thick absorber; single quadrupole splitting with (c) thin absorber or with (d) thick absorber; magnetic splitting with applied magnetic field B ext (e) parallel to magnetic field B of the incoming beam; and (f) magnetic splitting with applied magnetic field B ext parallel to electric field E of the incoming beam. Insets show the scattering geometry. The effective thickness used is indicated in each figure.
TECHNICAL BACKGROUND
where hv ¼ B m g À m e =3 À Á is half the difference of Dm ¼ 0 transition energies. t eff ¼ rsf D, is the effective thickness of the absorber (sample), where D is the physical thickness of the absorber, f is the Lamb-M€ ossbauer factor, s is the nuclear resonance cross section, for 57 Fe, it is 2.56 Â 10 À18 cm 2 . r is the number of resonant nuclei per cubic centimeter. In this case, the NFS spectrum shows a single oscillation frequency ( Fig. 12.2) .
Next, we assume the direction of the internal magnetic field in the sample is parallel to the direction of the electric polarization of the incident SR ( Fig. 12.2 ). This corresponds to the nuclear transitions of Dm ¼ AE1 (Fig. 12.2) . The time spectrum now is given by [8] 
Here,
is half the difference of the À1/2 ! À3/2 and 1/2 ! 3/2 transition energies, and
À Á is half the difference of the À1/2 ! 1/2 and 1/2 ! À1/2 transition energies. Now there are two frequencies modulating the nuclear decay ( Fig. 12. 2).
Electric Hyperfine Interactions
Finally we discuss the oscillations of time spectra caused by the nuclear ground-state and excited-state splittings due to electric field gradients (EFGs). We limited our discussion in an axially symmetric EFG (asymmetric parameter h ¼ 0), and furthermore, the EFG axis is randomly oriented over the space. Then we can get the time spectrum [8] 3), one can find that NFS intensity is proportional to the square of the number of resonant nuclei in the sample and Lamb-M€ ossbauer factor f due to the effective thickness of the absorber. Furthermore, in the absence of hyperfine interactions (the sublevels of the ground and excited nuclear states are degenerate), the NFS intensity reduces to a natural nuclear decay ( Fig. 12.2) .
Apart from the oscillations caused by nuclear hyperfine interactions, another oscillation due to multiple-scattering process of nuclear decay exists for the SR passing through a relative thick sample containing resonance nuclei. This oscillation is called dynamic beat (DB), it has been shown theoretically [22, 23] and experimentally [24] . In the case of a single resonance (absence of nuclear hyperfine interactions), DB takes the form [22] A
where t eff is the effective thickness of the sample, E 0 is the nuclear resonance energy, t 0 ¼ t/t, and J 1 is the Bessel function of first kind and first order. A(t) is the scattering amplitude, the intensity can be obtained as the square of the amplitude. From Eq. (12.4), we can summarize the characteristic features of DB: DB is not periodic, the apparent periods increase with time; the apparent DB periods decrease with increasing effective thickness t eff . The initial decay is speeded up proportionally to effective thickness t eff .
Although DB is an interesting phenomenon, for spectroscopic measurements, it is mostly unwanted, since the beating pattern of DB will mix with QB to generate a complicated spectrum. Figure 12 .2 shows some theoretical NFS spectra with different effective thicknesses. For more detailed discussion on DB, one can refer to Refs. 22,23.
Theoretical Aspects of SRPAC
SRPAC is another NRS technique that reveals nuclear hyperfine interactions by monitoring quantum beats superimposed on the nuclear decay signal. Instead of detecting the coherent scattering in the forward direction as in NFS, SRPAC detects the direct nuclear resonant fluorescence that can be observed in 4p solid angle. (Note: The incoherent nuclear scattering is not the only channel of scattering that produces decay radiation into 4p solid angle, the combination of NFS and subsequent Rayleigh scattering can also direct the decay radiation into 4p solid angle. Please see the discussion in Section 12.3.2.) SRPAC is an incoherent NRS, where the nuclei have different initial and final nuclear states during the scattering process. Therefore, it is possible, in principle, to identify the nucleus that scatters the photon, and thus incoherent NRS, such as SRPAC, can be considered as single nucleus scattering. The nuclear state change can happen by a change of spin of the ground state (spin-flip process) or by a change of the vibrational state of the nucleus (absorption/ emission of phonons). Coherent NRS, such as NFS, by contrast, is delocalized over the whole ensemble of nuclei, there is no change of state of any nucleus due to the scattering. So if a nuclear hyperfine interaction splits the sublevels of nuclear ground state and excited state, coherent NRS is sensitive to both ground-state and excited-state splittings, while incoherent NRS is only sensitive to excited-state splittings.
As mentioned above, SRPAC can happen with absorption or emission of phonons. If the energy bandwidth of the incoming beam is large enough to cover all the phonon-assisted processes, the SRPAC signal does not depend on the Lamb-M€ ossbauer factor f LM . SRPAC closely resembles a laboratory-based technique-TDPAC, and SRPAC can be considered as a scattering variant of TDPAC. In both techniques, the angular correlation of g radiation is recorded. In a system with two g rays successively emitted from a nucleus through initial state, intermediate state and final state, the possibility of measuring the second g-ray in a particular direction can have angular dependence with the direction of the first g-ray when the first g-ray is emitted anisotropically by an ensemble of oriented nuclear spins. Unperturbed angular correlation is characterized by the constant angular dependence between the two g rays as a function of time. If hyperfine interactions present, the nuclear spins can interact with them when the nucleus remains in the intermediate state for a finite lifetime. It will cause the precession of the nuclear spins and result in a perturbed angular correlation between the two g rays. As described in Refs. 12,25, in TDPAC, the intermediate nuclear level is populated from above via a cascade of preceding nuclear transitions after decay of the radioactive parent. In SRPAC, on the contrary, the level is excited from below-from the ground state. Directional selection and timing by the first detector in TDPAC are replaced in SRPAC by the direction and the timing of the incident SR. In both methods, the interference of indistinguishable paths from an intermediate nuclear level splitting by magnetic dipole and/or electric quadrupole interactions allows one to investigate hyperfine interactions and spin dynamics. A comparison drawing of their principles and experimental setups are shown in Fig. 12 .3 [12, 25] . For more information on TDPAC, one can refer to Refs. 5,26 and for biological applications to Refs. 6,7.
A general expression of SRPAC intensity can be given as [12, 18, 25] 
Schematic drawing of the principles and the experimental setup of TDPAC (left) and SRPAC (right). . In TDPAC, the intermediate nuclear level is populated from above via a cascade of preceding nuclear transitions after decay of the radioactive parent in the sample, which provides the timing "trigger" (g 1 on the left). The successive nuclear decay of the intermediate nuclear levels (g 2 ) and (g 1 ) are registered in two different detectors. In SRPAC, the level is excited from ground states through incident synchrotron radiation, which provides the timing trigger (g 1 on the right). The successive nuclear decay of the excited levels (g 2 ) is registered in the detector. Adapted from Ref. 12 
TECHNICAL BACKGROUND
where t 0 is the lifetime of the nuclear excited state. A 22 is the anisotropy coefficient: for 57 Fe, the value is 0.25, and for 61 Ni, the value is 0.14. R(t) is the anisotropy factor, which, in some cases, can be factored into angular and time-dependent terms as R t ð Þ ¼ G 22 t ð ÞP 2 cos u ð Þ. Here the angular dependence of the SRPAC intensity is described by a second-order Legendre polynominal P 2 (cos u) and u is the angle between the scattered photon k out and the magnetic polarization of the incoming photon p (Fig. 12.4) . The time dependence of the SRPAC intensity is described by the perturbation factor G 22 (t). If there is no nuclear hyperfine interactions, G 22 (t) ¼ 1, and the SRPAC intensity follows the natural decay. Next, we will discuss the theoretical description of the SRPAC intensity in the presence of nuclear hyperfine interactions.
Electric Hyperfine Interactions
First, we will consider the SRPAC intensity with the presence of an axially symmetric quadrupole interaction caused by the interaction of the quadrupole moment of the excited nuclear state with an EFG produced by surrounding electrons and other nuclei. The direction of EFG is assumed to be isotropically distributed. In case of 57 Fe, the excited-state spin I ¼ 3/2, then the SRPAC intensity can be expressed as [12, 25] 
where the perturbation function G 22 (t) is expressed as G 22 (t) ¼1/5þ(4/5)cos Vt, and hV is the quadrupole splitting of the excited state. In case of u ¼ 0, P 2 (cos u) ¼ 1, one gets the strongest SRPAC signal. Figure 12 .4 shows theoretical SRPAC spectra with quadrupole splitting in different u.
Magnetic Hyperfine Interactions
Next, we will consider the SRPAC intensity in the presence of magnetic hyperfine interactions. In the case of randomly oriented nuclear magnetic moments, R(t) takes the form [18] R where v B ¼ Àg e N m N B= h is the Larmor frequency, proportional to the g-factor of the nuclear excited state g e N and to the magnetic field B, m N is the nuclear magneton. In the case of the magnetic moments aligning along the magnetic field B, it can be shown that the anisotropy factor R(t) has the form [18] 
where C 0 , C 1 , and C 2 are
The angles u 0 and u 2 are between the direction of the magnetic field B ext , the direction of the magnetic polarization B of the incoming SR photon, and the direction of the scattered photon k out (Fig. 12.4) , f is the angle between the projection of B and k out onto the plane perpendicular to B ext , and it determines the phase of the quantum beats in SRPAC in the case of magnetic hyperfine interactions. The sign of f is defined by right-hand rule. The theoretical SRPAC spectra described by 12.7 and 12.8 are shown in Fig. 12 .4.
Experimental Aspects of NFS and SRPAC

General Aspects of the Experimental Setup
Only with the emergence of the third-generation synchrotron radiation sources and the development of advanced X-ray optics and X-ray detection methods, NRS using SR became feasible. At present, there are three major synchrotron radiation facilities for NRS experiments. They are beamline 3ID [27] at the Advanced Photon Source (APS) at Argonne National Laboratory in the USA, beamlines ID18 and ID22N [28] at the European Synchrotron Radiation Facility (ESRF) in France, and beamline BL09XU [29] at SPring-8 in Japan. Beamline NE3 at the Photon Factory Accumulate Ring (PF-AR) at the High Energy Accelerator Research Organization (KEK) in Japan, one of the first beamlines to perform NFS experiments, is still under operation. The experimental data shown in this chapter were obtained at beamline NE3 of PF-AR and beamline BL09XU of SPring-8. The schematic view of the experimental setup of NFS and SRPAC is shown in Fig. 12 .5 [8, 12, 30, 31] .
SR Source
The average brightness of a SR beam, which is a measure of the X-ray flux density per unit phase space volume, is the most important quantity for nuclear resonance experiments [8, 30] . In the current third-generation synchrotron radiation sources, the maximum brightness of the undulator radiation is $10 22 photon s À1 (mrad 2 0.1% bandwidth) [8, 30] . As a comparison, a regular commercially available radioactive M€ ossbauer source with 100 mCi activity, such as a 57 Co source, the brightness is $10 13 photon s À1 (mrad 2 0.1% bandwidth) at 30 cm distance. However, the SR beam generated after the undulator (the so-called "white beam") contains a broad energy spectrum ranging from several electron volts up to a few hundred killoelectron volts with distinct peaks of enhanced intensity and energy bandwidths of about a few hundred electron volts. It is not suitable for nuclear resonance experiments because the very strong nonresonant radiation, which is unwantedinthose experiments,hastobehandledbythedetectorandthesubsequentacquisitionelectronics.Toselectonlya small portion of energy from this broad energy spectrum with narrow energy bandwidth ($meV) centered at the nuclear resonance energy (14.4 keV in case of 57 Fe experiments), monochromatization is performed.
Monochromators A two-step monochromatization is performed in NRS experiments [8, 30, 31] . In the first step, a high heat load monochromator (HLM) is used to select the nuclear resonance energy with the bandwidth of a few electron volts from the white beam by utilizing the Bragg diffraction condition. It is not enough for suppressing the nonresonant radiation in NFS and SRPAC experiments. However, it reduces the power of the X-ray beam to 0.1 W cm À2 , $10 6 times less than the white beam power (several kWcm À2 ).HLM typically consistsof twoSi (111) crystals or diamond (111) crystals. Since thefirst crystal has to stand high heat loads from the write beam, different cooling methods are used. For example, at BL09XU, SPring-8, two liquid N 2 -cooled silicon (1 1 1) crystals are used. At beamline NE3 of the PF-AR, two water-cooled (1 1 1) diamond crystals are used due to their excellent thermal conductivity, low absorption for X-rays, low-induced vibrations, and the simplicity introduced by avoiding a complicated cooling system.
To further reduce the energy bandwidth of the SR from several electron volts generated by HLM to approximately millielectron volts and provide energy tunability over $100 meV required for NRS experiments, a high-resolution monochromator (HRM) is used in the second step of monochromatization. To achieve energy bandwidth reduction and [8, 30] .
Detectors and Detection Methods
As mentioned in the earlier sections of the theoretical aspects of NFS and SRPAC, the signal analyzed in these experiments is the nuclear decay signal from the nuclear excited states. However, right after the incident SR beam hits the sample, a huge nonresonant scattering signal originated from electron scattering and absorption is generated together with the nuclear decay signal. The total scattered photons received by the detector can be up to 6 Â 10 6 counts s À1 even with the incident SR beam of approximately millielectron volt energy bandwidth centered at 14.4 keV (in case of 57 Fe). Among these photons, only <0.1% is belong to the nuclear decay signal. To remove all the background noise generated by nonresonant scattering signal, the time-discrimination trick based on different timescale of different scattering process and the unique time structure of SR radiation are utilized ( Fig. 12 .5) [8, 30] . The typical timescale of nonresonant scattering is in the order of femtosecond, while nuclear level lifetime is in the order of several to several hundred nanoseconds, the time-discrimination trick can be used to separate the NRS signal from the nonresonant scattering signal. Furthermore, the SR is not continuous, instead, it arrives in discreet pulses with the duration of a pulse in the range of 50-200 ps and the interval between pulses in the range of several to several hundred nanoseconds for typical third-generation synchrotron sources ( Fig. 12 .5) [8, 30] . This discontinuity of SR is called time structure of SR, which makes the time-discrimination trick possible for NRS experiments.
To experimentally achieve the time-discrimination trick, the detectors should be able to sustain an intense pulses of prompt scattering (up to 10 9 photons s À1 ) during the flash of SR and several nanoseconds later to detect nuclear decay signals with usually <10 3 photons s À1 . Only a few detectors can meet these severe requirements. The best performance Top: Experimental setups for NFS and SRPAC. Bottom: The SR time structure (left), the detection scheme utilizing the time-discrimination trick described in the text (middle), and the scheme describing the allowed nuclear transitions that interfere and give quantum beats observed in NFS and SRPAC.
is achieved by avalanche photodiode (APD) detectors [8, 30] . The main advantages of APD detectors are their good count-rate capability (up to $10 9 photons s À1 ), good time resolution (<1 ns), and low noise ($0.01 counts s À1 ). For recording high-resolution time spectra, such as NFS spectra, an APD detector with small detection area is preferred. While in SRPAC experiments, a large-area APD detector or detector array is preferred to catch more delayed fluorescence. For more detailed discussion of the development in this area, please refer to Refs. 8,30 and references therein. For the experiments present in this chapter, a 2 Â 2 array APD with four 3 Â 5 mm 2 area was used for SRPAC experiments at SPring-8, an eight-stacked APDs in grazing incident geometry with surface area of 1 Â 2.5 mm 2 (A.Q.R. Baron, Y. Tanaka, T. Ishikawa, SPring-8 Research Frontiers, S. Kikuta, ed., 2000/2001, unpublished) were used for NFS experiments at SPring-8, and four-stacked APDs with surface area of 2.8 mm in diameter were used for NFS experiments at PF-AR [32] . Apart from detectors, a proper setup of time electronics is also needed to block the nonresonant scattering signal (see Fig. 12 .5).
To get optimum NRS signal, the pulse separation of SR should also be chosen to be in the order of the lifetime of the resonant nucleus, in case of 57 Fe, the nuclear level lifetime is t ¼ 141.1 ns. For NFS and SRPAC experiments, the pulse separation of SR ideally should be as long as possible, since it determines the spectral resolution. As mentioned in Ref. 33 , the energy resolution of NFS is
where dt is given by the SR pulse separation minus the detector dead time.
For the experiments present in this chapter, a SR pulse separations of $220 and $600 ns were used at Spring-8, and of $1000 ns was used at PF-AR.
Differences of the Experimental Setup in NFS and SRPAC
In NFS setup ( Fig. 12.5 ), the HRM is fixed at the resonance energy, for 57 Fe it is 14.4 keV, the APD detector is placed behind the sample and along the incident beam direction. The typical sample-detector distance is $1 m. Since the NFS signal is a coherent scattering signal, which is well collimated in the forward direction, no loss of the signal due to divergence of the beam occurs. Moreover, by placing the detector far from the sample, any incoherent scattering signal can be completely eliminated. To reduce the nonresonant incident energy, a 1.1 meV energy resolution HRM is used at SPring-8, and a 6.4 meV energy resolution HRM is used at PF-AR. To obtain higher spectral resolution and higher detector efficiency, eightstacked APDs in grazing incident geometry with surface area of 1 Â 2.5 mm 2 (SPring-8) and four-stacked APDs with surface area of 2.8 mm in diameter (PF-AR) are used. The data presented in this chapter were measured under room temperature and cryogenic temperatures down to 4.2 K. A homemade cryostat was used at SPring-8, and an Oxford Optistat SXM liquid helium bath cryostat was used at PF-AR. A permanent magnet with up to 0.3 T magnetic field was used at SPring-8, and a superconducting magnetic with magnetic field up to 7 T was used at PF-AR to magnetize samples.
In SRPAC setup ( Fig. 12.5 ), the HRM is also fixed at resonance energy. As pointed out earlier, SRPAC signal is independent from Lamb-M€ ossbauer factor f LM by covering all phonon-assisted processes using a large enough energy bandwidth incident radiation, so SRPAC experiments do not require a very high-resolution HRM. However, to avoid detector saturation due to high photon flux from large energy bandwidth incident radiation, a 3.5 meV HRM is used at SPring-8 for SRPAC experiments. To obtain strongest SRPAC signals, the APD detector is place in 90 geometry ( Fig. 12.5) . Since SRPAC signals have angular distribution, and in the real experiments the detectors have finite area, angular averaging effect exists, which can reduce the contract of observed quantum beats. Sergueev [25] discussed the optimum experimental geometry in detail. According to his discussion, a sample-detector distance of $8 mm for a 2 Â 2 array APD detector with four 3 Â 5 mm 2 detection area APDs used at SPring-8 can generate an optimum experimental geometry.
When the HRM is fixed at resonance energy in SRPAC experiments, contributions from 4p scattering of NFS will be observed in SRPAC. The incoherent nuclear scattering is not the only channel of scattering producing delayed radiation into 4p solid angle, also the combination of NFS and subsequent Rayleigh scattering can direct delayed radiation into the full solid angle [34] . This additional contribution can be so strong that it completely overshadows the SRPAC signal. An easy way to eliminate this NFS 4p scattering and get pure SRPAC signal is tuning the incident energy out of the resonance by 10-100 meV [35] . Then the resonant absorption occurs with creation or annihilation of phonons, which prohibits nuclear coherent scattering. However, the absorption cross section reduced dramatically when moving away from the resonance. As a result, the SRPAC signal detected away from the resonance is much smaller than the signal detected on the resonance.
In Fig. 12 .5, an aluminum foil is also used in SRPAC experiments placed in between the sample and the detector. SRPAC detects the direct nuclear fluorescence signal. But the nuclear decay can also follow the route where nuclear fluorescence experiences internal conversion and finally generates electronic fluorescence, mainly K shell fluorescence. The internal conversion coefficient for 57 Fe is 8.6 that means only $1 out of 10 photons detected for the incoherent scattering is from nuclear fluorescence, which bears SRPAC information. To remove the K shell fluorescence, an aluminum foil is used. In the case of 57 Fe, the energy of the nuclear fluorescence is 14.4 keV, the K shell fluorescence mainly is Ka fluorescence, which has the energy of 6.4 keV. The attenuation lengths through aluminum foil for these two energies are l 6.4 $ 40 mm, and l 14.4 $ 440 mm. So applying 300 mm thick aluminum foil reduces Ka fluorescence by >99.5%, while only reduces nuclear fluorescence by $50%.
Sample Requirements
NFS As discussed in Section 2.1, the dynamic beat generated by a thick sample can be observed in NFS spectra, it will mix with quantum beat, which is generated by hyperfine interactions, to give a complicated NFS spectra. To simplify data analysis, one should prepare a sample with suitable thickness. In practice, a sample with effective thickness t eff 20 is an optimum sample thickness for NFS experiments. In our experiments, the volume of the sample cells is $25 ml, so for protein solution samples, a 57 Fe concentration of 1-5 mM can generate a sample with a good effective thickness. For powder samples, usually 1-2 mg of sample enriched with 57 Fe is needed, the sample then is mixed evenly with boron nitride (BN) to fill the space of the sample cells. The typicalmeasurementtime is $24-36 h for aproteinfrozensolution sampleand $12-24 hfor asolid powder sample.
SRPAC InSRPACexperiment, thedirectnuclear fluorescence signal(14.4 keV for 57 Fe)isdetected. Theattenuationlength of 14.4 keV radiation is $5 mm in water. Practically, a1-2 mm sample thickness is used. The 57 Fe concentration in the samples should be as high as possible. A >5 mM concentration is preferred for solution samples. Considering the general difficulty of generating high-concentration protein samples, a sample with the minimum 57 Fe concentration of 2 mM is needed to get a decent spectrum with acceptable statistics. The typical measurement time is $16-36 h for a protein frozen solution sample and $6-12 h for a solid powder sample.
APPLICATIONS IN BIOINORGANIC CHEMISTRY
Nuclear Forward Scattering
Recently, SR-based NFS has been applied to bioinorganic chemistry to reveal the electronic structure of the iron center in heme model complexes as well as myoglobin proteins, it has also been used to illustrate the paramagnetic relaxation at the iron sites in heme model complexes and dynamic structural disorder of dioxygen (O 2 ) binding on the iron site of oxymyoglobin [16] (for the application of NFS to heme proteins, please refer to Chapter 16, to other research areas, please refer to Chapters 10 and 40). These studies showed that NFS is a promising technique for illustrating the electronic structure and dynamics at the iron site of the heme center and related model complexes. With a long detection window, NFS has higher sensitivity on the hyperfine interaction parameters than the conventional M€ ossbauer spectroscopy; therefore, more accurate simulation parameters can be obtained (see Eq. (12.9)).
In this section, the application of NFS for the first time to the study of iron-sulfur (FeS) proteins will be presented. FeS proteins host unique metal clusters, called FeS clusters, which are one of the most ancient, versatile and multifunctional prosthetic groups found in biology. They are commonly involved in electron transport, catalysis, and regulatory processes in living cells (for recent reviews, see [36, 37] ). Studies of FeS clusters in proteins are always an important step toward the understanding of the function of these proteins. Conventional M€ ossbauer spectroscopy has been used extensively in this area, and achieved tremendous success in elucidating the geometric and electronic structures of these clusters [2, 3] . Yet, a search for better spectroscopic techniques is always needed when it comes to the studies of complicated iron-sulfur proteins, such as nitrogenase and hydrogenase, which have 10-30 different iron atoms in each protein molecule. Due to its unique features discussed in Section 12.2, NFS shows great potential to be one of such techniques. In the following, a brief introduction on the FeS proteins included in this section will be presented. (Fig. 12.6 ) . Most of the proteins can be catalogued into three main subgroups, namely, plant-type, mammalian-, vertebrate-, or hydroxylase-type, and Isc-type ferredoxins. In the first two subgroups, [2Fe-2S] ferredoxins function as electron transfer proteins [38] [39] [40] . In the third subgroup, ferredoxins play a role in Fe-S cluster biosynthesis [41] . R. capsulatus is a photosynthetic bacterium with six distinct ferredoxin-encoding genes [42] , and the sixth type-Rc FdVI-is involved in FeS cluster biosynthesis [43] . The crystal structure of Rc FdVI revealed a similar Fe center comparing with other ferredoxins [43] . Although M€ ossbauer data of Rc FdVI has not been reported, ferredoxins of other types in different bacteria have been studied extensively using M€ ossbauer spectroscopy [37, [44] [45] [46] [47] [48] . In oxidized form, ferredoxins contain a Fe(III)Fe(III) diamagnetic center (S tot ¼ 0). In the reduced form, a Fe(II)Fe(III) dimer with S tot ¼ 1/2 is present. The oxidized ferredoxin M€ ossbauer spectrum only showed a quadrupole doublet with an averaged quadrupole splitting DE Q $ 0.6-0.7 mm s À1 , isomer shift d $ 0.3 mm s À1 even down to liquid helium temperature (4.2 K), which confirms the diamagnetism of the two iron center. This diamagnetism comes from the spin exchange coupling of the two irons [37] Fig. 12.6 ). However, in [4Fe-4S] ferredoxin from P. furiosus (Pf), the 4Fe cluster is coordinated by three cysteine ligands (C11, C17, and C56) and one aspartate ligand (D14). Thanks to its small size and high stability at even 95 C, as well as the ready interconversion between [4Fe-4S] and [3Fe-4S] clusters, the D14 site of the Pf Fd can be mutated to a cysteine ligand to form Pf D14C Fd mutant [49] [50] [51] . In this chapter, the oxidized form of this mutant is examined by 57 Fe NFS. M€ ossbauer spectra of [4Fe-4S] ferredoxin from Bacillus stearothermophilus [52] and Clostridium pasteurianum [53, 54] Nitrogenase Nitrogenase is an important iron-sulfur protein, which catalyzes the ATP-dependent reduction of dinitrogen (N 2 ) into ammonia (NH 3 ). This reaction, termed biological nitrogen fixation, represents a major entry point of nitrogen into the global nitrogen cycle. There are three types of nitrogenases, molybdenum-, vanadium-, and iron-only nitrogenase. Among them, Mo-nitrogenase is responsible for the majority of biological fixation activity, and is most 
APPLICATIONS IN BIOINORGANIC CHEMISTRY
commonly studied [55] . Mo-nitrogenase utilizes two of the most complex FeS clusters, P-cluster and iron-molybdenum cofactor (FeMo-co) (Fig. 12.6 Fe NFS of Oxidized Rc FdVI The oxidized Rc FdVI NFS spectra measured at 4.2 K with and without external magnetic field are shown in Fig. 12.7 . The zero-field 4.2 K spectrum shows a simple beating pattern up to 300 ns with slow oscillation frequency. The spectrum can be simulated by introducing two iron sites as inspired by the M€ ossbauer simulations on other types of [2Fe-2S] ferredoxins, the isomer shift of one iron site was fixed at 0, and used as a reference for another iron site. The best fit gave 0.58 and 0.73 mm s À1 for the quadrupole splitting, the isomer shift difference for these two sites was 0.01 mm s À1 (Table 12 .1) . This result was consistent with the result obtained by simulating the zero-field M€ ossbauer spectrum of the same oxidized Rc FdVI measured at 80 K (the inset of Fig. 12.7a) . Here, two quadrupole splittings of 0.52 and 0.76 mm s À1 were obtained with the isomer shifts of 0.27 and 0.28 mm s À1 . After applying a 7 T external magnetic field along the polarization direction of the incident beam (Fig. 12.7b) , the spectrum shows a more complicated beating pattern with faster oscillation frequencies. The simulation with the internal magnetic field fixed at zero readily reproduced the spectrum well, indicating the observed iron species is diamagnetic. The sign of the quadrupole splitting and the asymmetry parameter h can be determined from this magnetic spectrum. From the simulation, we obtained that h ¼ 0.5 and DE Q > 0 for both iron sites. 
57
Fe NFS of Oxidized Pf D14C Fd The oxidized Pf D14C Fd NFS spectra measured at 4.2 K with and without external magnetic field are shown in Fig. 12.8 . The oscillation pattern in the zero-field spectrum is more complicated than the pattern observed in the zero-field spectrum of oxidized Rc FdVI, which indicates more different iron sites may contribute to this spectrum. Same as an oxidized [2Fe-2S] center, the [4Fe-4S] 2þ center in oxidized Pf D14C Fd is also diamagnetic. So the oscillation observed in the zero-field spectrum is again generated by the quadrupole splittings. After applying a 7 T magnetic field along the polarization direction of the incident radiation, the external field-induced magnetic splitting is observed, forming an oscillation pattern with faster frequency in the NFS spectrum.
The best fit of the zero-field spectrum was obtained by introducing four different iron sites. The obtained parameters are listed in Table 12 .1. Since no reference sample was used, the absolute isomer shift information cannot be obtained. However, the relative isomer shift of each iron site can still be obtained by setting one of the four sites as a reference. The best fit gave four quadrupole splittings as 1.48, 1.29, 1.1, and 0.63 mm s À1 . The relative isomer shift of the last three sites relative to the first site were À0.007, 0.012, and À0.042 mm s À1 , indicating they have very similar isomer shifts. These values are consistent with the zero-field 80 K M€ ossbauer measurement on the same sample (the inset of Fig. 12.8a) , where the four quadrupole splittings were 1.40, 1.13, 0.84, and 0.54 mm s À1 , the corresponding isomer shifts were 0.42, . The asymmetry parameter h of the first two sites was 0.7, and of the second two sites was 0.9. The similarity of the hyperfine interaction parameters of these two oxidize ferredoxins indicates that the [4Fe-4S] 2þ clusters in these two proteins are very similar in structural and electronic environments.
12.3.1.3
57
Fe NFS on Oxidized Fe Protein The zero-field NFS spectrum of the oxidized Fe protein from Azotobacter vinelandii measured at 4.2 K is present in Fig. 12.9a . Although, the oxidized Fe protein also contains a [4Fe-4S] 2þ cluster, same as the oxidized Pf D14C Fd, they show different beating patterns in the zero-field NFS spectra. For the oxidized Fe protein NFS, the beating pattern is simpler than the oxidized Pf D14C Fd NFS. Instead of introducing four individual Fe sites into the simulation, the oxidized Fe protein NFS spectrum can be well simulated by only introducing two different Fe sites (Table 12 .1). The obtained quadrupole splittings of these two Fe sites were 1.15 and 0.87 mm s À1 with the relative isomer shift of these two sites as 0.01 mm s À1 (Table 12 .1). This result was consistent with the result obtained from the M€ ossbauer spectrum of the same sample measured at 80 K (the inset of Fig. 12.9a) À1 . The NFS result was also consistent with the published zero-field M€ ossbauer spectrum of an oxidized Fe protein in [56] .
The oxidized Pf D14C Fd and the oxidized Fe protein give similar zero-field M€ ossbauer spectra, showing a single doublet with an averaged quadrupole splitting of $1.05 mm s À1 . However, in NFS spectra, they show quite different beating patterns. This difference directly results in the different number of iron sites used in the simulations. In the oxidized Pf D14C Fd NFS simulation, four iron sites with different quadrupole splittings were needed, while in the oxidized Fe protein simulation, only two iron sites were needed. In the energy-domain conventional M€ ossbauer spectroscopy, iron sites with almost the same isomer shift and slightly different quadrupole splittings will only result in a broad quadrupole doublet with unresolved features. However, in time-domain NFS spectroscopy, the same condition will result in a more complicated oscillation pattern of the NFS signal due to the superposition of the slightly different frequencies generated by different iron sites. This shows that NFS has higher sensitivity on the hyperfine interactions parameters than the conventional M€ ossbauer spectroscopy, given that time window in NFS is long enough (in our case, the NFS single was recorded up to 400 ns, according to Eq. (12.9), the resolution of the NFS spectra of the oxidized Pf D14C Fd and the oxidized Fe protein was much better than 0.2 mm/s, the best spectral resolution that conventional M€ ossbauer spectroscopy can reach.). FIGURE 12.8 57 Fe NFS spectra of oxidized Pf D14C Fd (black circles) measured at 4.2 K with zero applied magnetic field (top) and with 7.0 T magnetic field applied parallel to the electric field of the incident X-rays (bottom). The inset of the top panel shows the zero-field conventional M€ ossbauer spectrum of the same sample measured at 80 K. The gray curves are the spectral simulations using the parameters presented in the text.
Fe NFS on the Resting State MoFe Protein Figure 12 .9b shows the zero-field 57 Fe NFS spectrum of MoFe protein from A. vinelandii in the resting state recorded up to 220 ns measured at 150 K. The observed oscillation pattern looks quite simple. Two complete beats were observed, one is observed between 50 and 150 ns, another is observed between 150 and 200 ns. At the first look, this oscillation pattern seems to be similar with the oscillation pattern observed in the oxidized Rc FdVI in Fig. 12.7a . However, different from the oscillation pattern in the oxidized Rc FdVI, where two complete beats have similar oscillation frequency, the two beats in the MoFe protein zero-field NFS have very different oscillation frequencies, also the first beat between 50 and 150 ns actually splits into two beats. This oscillation pattern has not been observed in the FeS protein NFS spectra discussed above. As shown in the previously reported resting state MoFe protein M€ ossbauer spectra from C. pasteurianum [61] and A. vinelandii [59, 62] , four different iron sites were needed to simulate the zero-field spectrum. So we also introduced four iron sites into the NFS simulation while keeping the contribution of each site as the same in the previously reported resting state MoFe protein M€ ossbauer spectrum from A. vinelandii [59, 62] . Since no reference sample was used during the measurement, the absolute isomer shift values cannot be obtained. However, we can use one of the four sites as a reference to obtain the relative isomer shift values of the other three sites to this reference site. In the simulation, we used the fourth site as the reference, and then we obtained d 14 (Table 12. 1) [59, 62] , the zero-field NFS result is consistent with the zero-field M€ ossbauer result.
Here we demonstrated the application of 57 Fe NFS to the FeS cluster study for the first time, it showed that NFS technique is capable of obtaining hyperfine interaction parameters commonly encountered in FeS protein studies. Due to the substitution of radioactive source with the high brightness third-generation synchrotron radiation-a much better light source than radioactive sources, NFS spectroscopy is able to achieve better spectral resolution than the conventional M€ ossbauer spectroscopy, which means more accurate hyperfine interaction parameters can be obtained. This is particularly useful for studying complicated FeS clusters. However, to fully access this feature, long time window (>300 ns) is needed. With the similar 57 Fe concentration in samples, the optimal protein sample volume used in NFS experiment can be as small as 20 ml due to the small SR beam size, which is 10 times smaller than the optimal sample volume used in conventional M€ ossbauer spectroscopy. This will be very helpful in some cases where purified proteins cannot be obtained in large volume. Zero-field 57 Fe NFS spectra (black circles) of oxidized Fe protein from A. vinelandii at 4.2 K (top), and the resting state MoFe protein from A. vinelandii at 120 K (bottom). The gray curves are the spectral simulations using the parameters described in the text. The inset of the top panel shows the zero-field conventional M€ ossbauer spectrum of the oxidized Fe protein sample measured at 80 K.
In this section, we present the 57 Fe NFS study mainly on FeS clusters with the diamagnetic electronic ground-state configuration. The use of 57 Fe NFS to study FeS clusters in paramagnetic states still needs to be explored. However, in those cases, a spectral simulation program incorporating with spin Hamiltonian formalism [1] is needed. Currently, three NFS simulation programs exist, they are CONUSS [63] , which was used in simulating all the spectra presented in this section, SYNFOS [21] , and MOTIF [64] . Among them, only SYNFOS incorporates spin Hamiltonian formalism, and CONUSS has the best user interface. The continuing development of simulation program is crucial for the successful application of NFS technique onto Fe-S protein studies as well as other iron containing metalloproteins in the future.
SRPAC
In this section, the application of SRPAC to bioinorganic chemistry is presented. Two model complexes are examined by 57 Fe SRPAC, they are an [FeFe] hydrogenase active center model complex, Fe 2 (S 2 C 3 H 6 )(CO) 6 , and a ferrimagnetic compound, Ni ferrite (NiO Á Fe 2 O 3 ). For the former complex, 57 Fe SRPAC was used to reveal the electric quadrupole splittings at the iron center, and for the latter one, 57 Fe SRPAC was used to probe the internal magnetic field at the iron center. In addition, 61 Ni SRPAC has also been applied to Ni ferrite to probe the internal magnetic field at the Ni center. The SRPAC-derived hyperfine interaction parameters at both the Fe site and the Ni site of these two complexes are consistent with the parameters obtained by conventional M€ ossbauer spectroscopy, indicating that SRPAC is a promising new technique to study hyperfine interactions of M€ ossbauer isotopes in bioinorganic chemistry.
12.3.2.1
57
Fe SRPAC of Fe 2 (S 2 C 3 H 6 )(CO) 6 Fe 2 (S 2 C 3 H 6 )(CO) 6 is a dinuclear complex [65] , mimicking FeFe hydrogenase active center-H cluster 2 Fe center ( [66] and references therein). Each of the two Fe(I) centers is terminally ligated with three CO ligands, a bridging thiolate ligand-[SCH 2 CH 2 CH 2 S] 2À (the inset of Fig. 12.10a ). Previous M€ ossbauer studies on this complex [67] revealed that the two Fe(I) centers are inequivalent, giving two quadrupole doublets with isomer shifts of 0.03 and 0.04 mm s À1 , quadrupole splittings of 0.70 and 0.87 mm s À1 , respectively. The 57 Fe SRPAC measurements on this model complex were recorded both on the nuclear resonance energy (14.4 keV of 57 Fe), and off 10 meV away from the resonance energy at 120 K (Fig. 12.10 ), an exponential decay signal coupled with oscillations can be seen in both spectra. In the off-resonance spectrum, a simple oscillation pattern is observed with the period of $110 ns. In the on-resonance spectrum, a similar oscillation pattern is observed after 20 ns, while the spectrum before 20 ns shows a dramatic increase in intensity. As pointed in Section 12.2, this intensity increase comes from the 4p scattering produced by NFS, and its intensity is proportional to the NFS signal. That explains when the SRPAC signal is recorded off-resonance, no such intensity increase is observed because NFS signal is significantly reduced when the incident energy is tuned away from the nuclear resonance energy.
We first simulated the off-resonance spectrum. To simulate this spectrum that is dominated by electric quadrupole interactions, Eq. (12.10) was used:
where all symbols have the same definition as in Eq. (12.5). Here two iron sites are used, w is the weight factor of the first iron site. A 22 is the anisotropy coefficient, in case of 57 Fe, A 22 ¼ 0.25 theoretically [12] . In the real experimental data, due to the averaging effect from the finite size of detectors and samples, A 22 is actually the effective anisotropy coefficient, and usually the value is smaller than the theoretical values. The angular dependence of the SRPAC intensity is defined by the Legendre polynomial P 2 (cos u). It has its maximum value, 1, along the direction of the magnetic polarization of the incoming radiation, which is perpendicular to the storage ring plane, here u is the angle between the magnetic polarization direction of the incoming synchrotron radiation and the outgoing scattering signal. In our experimental setup, u ¼ 0; therefore, P 2 (cos u) ¼ 1. G 22 (t) takes the same form as in Eq. (12.6).
The best fit for the off-resonance spectrum is shown in Fig. 12 .10a as the gray solid line. Sometimes, it is also useful to extract the anisotropic part of the scattered intensity, A 22 R(t), which is also called anisotropy, from the experimental spectrum. The anisotropy spectrum and the spectral simulation are shown in Fig. 12.10c . The weight factor w is fixed at 0.5 in the simulation. The result is consistent with the M€ ossbauer spectrum measured on the same sample at 100 K (spectrum not shown), which gives two iron sites with quadrupole splitting of 0.85 and 0.70 mm s À1 , respectively, and also is close to the previously reported M€ ossbauer spectrum of this model compound measured under 77 K [67] . Also from this best fit, we obtained the anisotropy coefficient A 22 ¼ 0.164, which is smaller than the theoretical value 0.25, this may due to the angle averaging effect of the size of both detector and sample.
With these parameters in hand, we then started to treat the on-resonance spectrum. It is very difficult to find a proper model to describe the mixture of elastic and inelastic (coherent and incoherent) scattering. The simplest approach, which ignores hyperfine interactions, was derived in Ref. 34 6 and the analysis described above shows the feasibility of using SRPAC in bioinorganic chemistry studies. Similar with NFS, with longer time observation window, more accurate results can be obtained by using SRPAC. To obtain clear SRPAC signal, especially when the time observation window is short (comparable to the nuclear excited-state lifetime), on-resonance measurement should be avoid if possible. However, moving from on-resonance measurement to off-resonance measurement (in our case, 10 meV away from the resonance energy), the count-rate drops by a factor of >5, which will be a significant effect if one wants to apply SRPAC to study metal centers in metalloproteins due to the much lower metal concentration in metalloproteins.
12.3.2.2
57
Fe SRPAC of Ni Ferrite NiFe 2 O 4 is ferrimagnetic material, it exhibit a substantial spontaneous magnetization at room temperature. The spontaneous magnetization disappears above a certain critical temperature T c , also called the Curie temperature, and then it becomes paramagnetic. Ni ferrite, like other ferrimagnetic material, has a cubic crystal structure, Ni(II) and one of the Fe(III) ions occupy the octahedral sites, and the other Fe(III) ions occupy the tetrahedral sites. The different synthetic methods can generate slightly different magnetic hyperfine interactions in Ni ferrite. In general, the two Fe(III) sites have slightly different internal magnetic fields, but both are close to 50 T [68] . Figure 12 .11a shows the 57 Fe SRPAC spectrum of Ni ferrite measured 18 meV away from the nuclear resonance energy with 0.3 T external magnetic field applied along the electric polarization direction of the incoming photon. Different from the quadrupole splittings observed in Fe 2 (S 2 C 3 H 6 )(CO) 6 , the oscillations observed in 57 Fe SRPAC spectrum of Ni ferrite is due to the magnetic splittings because Ni ferrite shows spontaneous magnetization under room temperature. The initial simulation of the spectrum indicated that both models described by Eqs. (12.7) and (12.8) in Section 12.2 cannot fit the experimental data. A close look at the data revealed three unique features of the spectrum: the incomplete periodicity of the beats, which comes from the incomplete alignment of the magnetic moments in the sample toward the external magnetic field; the damping of the beats with time, which can be explained by distribution of the magnetic field in the sample; and the slight oscillation of the baseline, which is most likely due to the 4p solid angle scattering produced by NFS. The theoretical models describing these three unique features have been incorporated in the final model for fitting the experimental data (for detailed discussion, please refer to Ref. 69) , which is where I 0 is the intensity of the nuclear fluorescence in the entire solid angle at zero time, A 22 is the anisotropy coefficient, b is the background, r and a describe the elastic scattering contributions, V is the Larmor frequency of the magnetic splitting measured in natural linewidth G 0 (in case of 57 Fe, G 0 ¼ 4.66 neV), G is the FWHM of the magnetic splitting (a) 57 Fe SRPAC spectrum of 57 Fe-enriched Ni ferrite (black circles) and (b) the spectrum after eliminating the exponential decay (black circles). The gray curves are spectral simulations using the parameters described in the text. The experimental setup is defined in the bottom left scheme of Fig. 12 .4 with u ¼ 0 and the applied magnetic field (0.3 T) aligned along x-axis, which was the electric field direction of the incident X-rays. distribution measured also in G 0 . u 0 describes the misalignment of the magnetic moments in the sample toward the external magnetic field.
The best fit using Eq. (12.12) is shown in Fig. 12 .11a along with the spectrum after eliminating the exponential decay ( Fig. 12.11b) . The parameters used for fitting are total intensity I 0 , background b, r, and a, anisotropy coefficient A 22 , Larmor frequency of the magnetic splitting V, FWHM of the magnetic splitting distribution G, and the opening angle of the cone distribution of the directions of magnetic moments u 0 . The corresponding values obtained from the best fit are I 0 ¼ 3932(70); b ¼ 42 (20) ; r ¼ 0.58 (9) ; a ¼ 7.2(9); A 22 ¼ 0.22(1)-which is a little bit less than the theoretical value 0.25, this is due the angle average over size of both the detector and the sample; V ¼ 36.07(10)G 0 , which corresponds to the hyperfine field of 50.3(1) T; G ¼ 3.4G 0 , which corresponds to FWHM of the magnetic field distribution 4.9 T; u 0 ¼ 35 (1) , which corresponds to the relative magnetization M/M sat ¼ 0.91.
To examine the validity of this fitting, a room temperature zero-field M€ ossbauer spectrum of this sample was measured. [70] . The internal magnetic field obtained by the SRPAC simulation is equal to the average internal magnetic field values obtained by M€ ossbauer spectroscopy. The $0.4 mm s À1 linewidth for both iron sites from the M€ ossbauer simulation are relatively broad (for our current M€ ossbauer spectrometer setup, a well prepared sample gives 0.25-0.30 mm/s linewidth). This broadening can be explained by the distribution of the internal magnetic field. By introducing this distribution into the M€ ossbauer simulation, we obtained the FWHM of the magnetic splitting distribution to be s(B int ) ¼ 3 T, which confirms the distribution model we used in our SRPAC simulations.
The complicated 57 Fe SRPAC spectrum of Ni ferrite was quite unexpected for us at the beginning. However, by including partial alignment of the nuclear magnetic moments, distribution of internal magnetic fields and the elastic scattering contribution into the theoretical model, we reproduced the spectrum very well, and the result is consistent with our M€ ossbauer data. This indicates that SRPAC can reveal very detailed hyperfine interactions.
12.3.2.3
61
Ni SRPAC of Ni Ferrite The real difficulty for M€ ossbauer spectroscopy is to study M€ ossbauer isotopes with high transition energy because of the short lifetime of radioactive source and small Lamb-M€ ossbauer factor f LM . In the case of 61 Ni, the radioactive source used ( 61 Co) only has 99 min of lifetime, and f LM is $0.02 even in the liquid helium temperature. These make the application of M€ ossbauer spectroscopy to 61 Ni extremely difficult. As discussed earlier, SRPAC signal is independent to f LM , and the use of SR eliminates the necessity of radioactive sources. It makes SRPAC an ideal technique to study 61 Ni. The first 61 Ni SRPAC experiment was done by Sergueev et al. on 61 Ni-enriched Ni foil to reveal the magnetic hyperfine interactions [18] . Here we report the first application of 61 Ni SRPAC to a 61 Ni-enriched Ni ferrite to reveal the magnetic hyperfine interactions. Figure 12 .12 shows the 61 Ni SRPAC spectra of Ni ferrite recorded at the nuclear resonance energy, 67.4 keV, by applying 0.2 T magnetic field in two different directions: aligning along the electric polarization direction of the incoming photon (x-axis in the bottom left scheme of Fig. 12.4) , and aligning along the magnetic polarization direction of the incoming photon (z-axis in the bottom left scheme of Fig. 12.4) . The detector is always placed below the sample and along the magnetic polarization direction of the incoming photon (z-axis). Both of the spectra mainly show as an exponential decay. The bump at $15 ns is an artificial feature caused by detection electronics.
Due to the small Lamb-M€ ossbauer factor f LM , the 4p solid angle contribution of coherent elastic scattering observed in 57 Fe SRPAC spectra is very small and can be ignored. When the magnetic field is aligned along x-axis, according to Eq. (12.8), we can express SRPAC signal as We can see that for the second case, all we can observe is the nuclear excited-state exponential decay signal, no SRPAC signal can be observed.
APPLICATIONS IN BIOINORGANIC CHEMISTRY
Using Eq. (12.14), we first fit the data with the applied magnetic field aligned along z-axis (Fig. 12.12a ) and set I 0 0 and the lifetime t 0 as floating parameters. From the fit, we obtain t 0 ¼ 7.65 AE 0.1 ns, which is consistent with the reported value of 7.7 AE 0.2 ns [71] . Then we used the nuclear excited-state lifetime obtained from the experiment to extract the anisotropy A 22 R(t) of the 61 Ni SRPAC spectra. The anisotropy of our data are shown in Fig. 12 .12c and d. As expected, for the case of aligning the magnetic field along z-axis, no oscillation pattern is observed. However, in case of aligning the magnetic field along x-axis, a clear cosine oscillation pattern is observed up to $50 ns in the anisotropy spectrum. Both anisotropy spectra show a big spike at 15 ns (the spike has been removed in the anisotropy spectra) and irregular oscillation patterns before 13 ns, the most possible explanation is the influence of artificial signals generated by the detection electronics, such as the reflection of the real signal in some cables.
The best fit for the anisotropy spectrum measured by aligning the magnetic field along x-axis gives the oscillation frequency v B ¼ 81(1) MHz (Fig. 12.12d) , which corresponds to an effective magnetic field of 8.8(1) T. Considering the antiparallel alignment nature of the nuclear magnetic moments at Ni site of Ni ferrite with the 0.2 T external magnetic field, the internal magnetic field is 9.0(1) T, which is consistent with the reported 9.1 T internal magnetic field at Ni site of Ni ferrite measured by 61 Ni M€ ossbauer spectroscopy [72] . The anisotropy coefficient obtained from this fitting is A 22 ¼ 0.06(1), which is smaller than the theoretical value 0.14 for 61 Ni. This is most likely due to the angular averaging effect over the size of the detector.
All the above applications indicate that SRPAC is a promising new technique to study hyperfine interactions of M€ ossbauer isotopes, especially for the isotopes with small Lamb-M€ ossbauer factors, because of the unique feature of SRPAC-the intensity is independent of the Lamb-M€ ossbauer factors. However, future developments of this technique has to be done in the direction of increasing the efficiency and the detection area of the APD detector and optimizing the monochromators, especially for the high transition energy M€ ossbauer isotopes (such as 61 Ni with 67.4 keV nuclear resonance energy) so that SRPAC can be regularly applied to protein studies. 
SUMMARY AND PROSPECTS
In this chapter, we presented the applications of SR-based NRS technique to bioinorganic chemistry, particularly NFS and SRPAC techniques. We showed that NFS and SRPAC are capable of revealing detailed hyperfine interaction parameters from the M€ ossbauer nuclei embedded in rather complicated bioinorganic/biological systems. Furthermore, the use of the third-generation SR in substituting radioactive sources makes NFS and SRPAC better techniques for studying bioinorganic systems than their laboratory-based counterparts, conventional M€ ossbauer spectroscopy, and TDPAC. The high brightness and highly collimated SR make it possible to probe low-concentration small-volume samples, which is crucial for further studies of more complicated biological systems and reaction intermediates that generally cannot be produced in large quantity and high concentration. In addition to this, the unique time structure of SR and the timediscrimination trick of the detection method make these SR-based techniques low noise level techniques, which further helps in detecting generally weak nuclear resonance signal from biological systems. Moreover, the large tunability of SR opens the possibility to apply NFS and SRPAC technique to broad range of M€ ossbauer isotopes without the constraint of suitable radioactive sources as normally encountered in conventional M€ ossbauer spectroscopy and TDPAC. For NFS, the elimination of radioactive sources instantly enhanced the spectral resolution compared with conventional M€ ossbauer by eliminating the source contribution to the resolution. This is extremely important in resolving spectral features in complicated systems. For SRPAC, the independence of the SRPAC signal to the Lamb-M€ ossbauer factor makes it a suitable technique to probe M€ ossbauer isotopes with high nuclear resonance energy, such as 61 Ni. The development of NRS is inarguably based on the development of SR source, the X-ray optics, and the detection method. Given the development of SR-based NRS in the past decades and the ongoing development of even brighter next-generation SR sources and X-ray free-electron lasers, we believe that NRS will become essential spectroscopic technique in elucidating geometric and electronic structures of complicated metal containing biological systems.
